Flapping flight has the potential to revolutionize micro air vehicles (MAVs) due to increased aerodynamic performance, improved maneuverability, and hover capabilities. This paper presents the design of a robotic flapping wing mechanism for use in general studies involving flapping flight and laboratory-based experimental optimization of flapping trajectories. The design allows for dynamic adjustment of flapping trajectories in air or liquids with three rotational degrees of freedom on each wing. The design, instrumentation, and control of the mechanism are discussed, and experimental characterization of the mechanism's performance is presented. Preliminary trajectory optimization using a Box-Behnken design approach is used and shows successful parameter optimization. The limitations of the current mechanism are addressed. A survey of flapping mechanisms is presented.
INTRODUCTION
Flapping-wing micro air vehicles (MAVs) may exhibit considerable advantages over fixed-wing and rotor-based MAVs due to the better aerodynamic performance, maneuverability, and hover capabilities that flapping flight makes possible [1] . Two specific lift generating mechanisms of flapping flight hold much promise for MAV design. The first is the clap-and-fling mechanism at the top (and sometimes bottom) of the flapping stroke, in which the two wings clap together and fling apart, creating a strong low-pressure zone between the wings; the second is the leading edge vortex (LEV) created by dynamic stall during flapping [2] . The versatile flapping mechanism that is presented in this paper, which is computer controlled and instrumented to measure flapping motion and wing forces, will enable investigations of these and other lift-generating mechanisms. The mechanism is also well suited for experimental optimization of flapping trajectories. This paper also presents preliminary optimization results based on the Box-Behnken screening design to select flapping trajectory parameters. The Box-Behnken screening design explores the design space in a manner similar to a factorial design, but is more efficient by excluding higher order interactions. This allows the optimization to sample a large design space with relatively few runs.
Background
The study of flapping flight from an experimental standpoint can bring insight into the lift-generating mechanisms produced during flapping. Developing our understanding of flapping-wing kinematics will enable the advancement of MAV technology and may contribute to a stronger understanding of biological organisms capable of flapping flight.
Although many flapping wing mechanisms currently exist, there is a need for an independently controlled dual-wing flapping mechanism that allows input of any user-specified trajectory, can be controlled from a remote location, has a wide range of motion, and is capable of measuring lift and thrust. The mechanism presented in this paper meets these specifications, and will serve as a test bed for flapping kinematic optimization and exploration of flapping flight for potential use in MAVs.
In this paper the theory and design of such a flapping mechanism is presented and preliminary force measurements and trajectory optimization results are presented.
Related Work
Much has been learned from previous experiments using flapping-wing mechanisms. Researchers at many institutions have designed flapping mechanisms that are wide-ranging in terms of purpose, function, appearance, and performance. Although these mechanisms do not have the complete functionality required for experimental optimization of flapping trajectories and studies of liftgenerating mechanisms, they are worth mentioning and have influenced the design approach taken in this research. Table 1 contains a list of many of the notable flapping mechanisms. In this table "Adjustable Kinematics" refers to the mechanism controller's ability to change the flapping trajectory; "Operating Medium" refers to the fluid (air or liquid) in which the mechanism was designed to operate; "Setup" refers to the mechanism's ability to fly on its own; and "Purpose" refers to the types of experiments or other activities that the mechanism was designed to achieve. Some of the mechanisms listed in Table 1 are similar in design to the mechanism presented in this paper. Van den Berg and Ellington [5] created a flapping mechanism based on a differential design called "The Flapper." This mechanism was designed for use in air and, although this mechanism is capable of adjustable kinematics, the wings cannot flap independently. Dickinson and Sane [7] and DiLeo and Deng [38] both built mechanisms based on a robotic wrist mechanism. This design allowed a large range of motion while still keeping critical components out of the water. Lai et al. [26] introduced a mechanism also based on a differential gear design and used timing belts to drive each of the two inputs of the differential. The rotation angle used a turntable that did not allow for two wings. The mechanism design presented in this paper has adjustable kinematics, can operate in water, oil, or air, is fixed, and can be used for flow visualization, particle image velocimetry (PIV), and force analysis. Although certain of the above mechanisms do meet these same functional criteria, they either do not have precision control using encoder feedback or do not have two wings to enable simulation of clap-and-fling.
SYSTEM DESIGN
A six-degree-of-freedom (6-DOF) flapping mechanism capable of executing arbitrary flapping trajectories was developed to explore the relationship between flapping trajectory, resulting wing forces, and flow patterns. Each wing was designed to have 3 DOFs, as shown in Figure 1 . Rotation by q 1 about the z-axis is referred to as the rotation angle; rotation by q 2 about the y-axis is referred to as the elevation angle; and rotation by q 3 about the x-axis is referred to as the feathering angle. To enable exploration of a wide range of flapping motions, the mechanism was designed to enable motions of q 1 = ±90°, q 2 = +55/-105°, and q 3 = ±180°(based on the mechanical limits of the mechanism). With 3 DOFs per wing, the mechanism is capable of generating arbitrary flapping patterns to explore lift and thrust generation. The optimization method presented in Section 3.2 and Section 4 is designed to find the trajectories that will maximize weighted combinations of lift and thrust to achieve the desired type of flight (hover, forward translation, hover and translation, etc.). The mechanism was designed to flap at a maximum frequency of 0.667 Hz, as defined by the trajectories described in Section 3.1. The design minimized gear backlash, and was designed for ease of setup and use, interchangeability of wing shapes and materials, and for interfacing with software for convenient implementation of new trajectories and optimization schemes. The mechanism is capable of measuring lift and thrust in water, oil, or air.
F Fi ig gu ur re e 2 2. . Differential and frame assembly. The frame is supported from above and the wing attaches to the output of the differential. F Fi ig gu ur re e 3 3. . Rear view of housing and differential. Worm gears are located directly behind the two differential inputs for compact design.
F Fi ig gu ur re e 4 4. . Motors mounted to the top of the mechanism on a turntable for q 1 rotation. 
Actuation and Control
Each DOF was actuated by brushless DC motors with integrated incremental encoders for position feedback and force-vector resolution. The q 1 DOF was driven by a Maxon motor (part number EC 40-118899) with a stall torque of 363 mN·m, no-load speed of 3100 rpm, and integrated 500 count-perturn encoder. The q 2 and q 3 DOFs were driven by identical Maxon motors (part number EC 16-232241) with a stall torque of 184 mN·m, no-load speed of 41400 rpm, and integrated 512 count-perturn encoders. All six motors were driven by Advanced Motion Controls BE15A8 PWM servo drives that receive analog voltage commands from the controller. A six-channel controller was developed to enable the flapping mechanism to track the desired angle trajectories q 1d (t), q 2d (t), and q 3d (t) for each wing (where the subscript d denotes the desired angle). The controller was developed in LabVIEW and implemented on a National Instruments (NI) CompactRIO Real-Time Controller (cRIO-9074) augmented with an NI 9263 analog output module (for generating motor command voltages), an NI 9237 bridge module (for reading strain gage outputs), and an NI 9411 digital input module (for reading the encoders). Six independent PID controllers running at a rate of 500 Hz were implemented on the FPGA layer of the cRIO. The PID gains were tuned experimentally to ensure stability and satisfactory trajectory tracking in air and water. The FPGA layer also handled all sensor and motor I/O and communication with the PC layer, and the PC layer generated the desired trajectories using MATLAB.
Instrumentation
The objective of the mechanism's instrumentation is to measure the flapping angles (q 1 (t), q 2 (t), and q 3 (t)), the lift force (f L ), and the thrust force (f T ) as the mechanism executes specified flapping trajectories. As mentioned previously, the flapping angles are sensed using encoders attached to the motors and recorded using the digital module of the cRIO. The resultant force vector on the wing is measured using four waterproofed strain gages [59] affixed to a wing bracket at the base of the wing (see Figure 5 ). The gages are connected in a full-bridge configuration, the output of which is conditioned using the bridge module of the cRIO. The force thus obtained is the force vector exerted on the wing and expressed in the wing-fixed coordinate frame. The objective of this work is to find flapping trajectories that maximize lift and thrust forces, which, by definition for a stationary, horizontally oriented body, are defined in the earth-fixed vertical (z) and forward (y) directions, respectively. It is therefore necessary to transform the force vector measured in the wing-fixed frame into the earth-fixed frame. This is accomplished by a 3-2-1 Euler angle transformation in which the axes are first rotated by angle q 1 about the vertical axis, followed by a rotation by angle q 2 about the horizontal shaft axis, followed by a rotation by angle q 3 about the wing axis. The resulting rotation matrix is given by .
(
The force expressed in the earth-fixed frame can then be found from the single component of force measured in the wing-fixed frame using .
As shown in Figure 1 , the y-component of F earth contains the thrust force and the z-component contains the negative lift force. The angles used in the transformation, [q 1 , q 2 , q 3 ], are measured in real-time using the motor encoders, as described previously. Because the center of pressure is constantly changing throughout the flapping cycle, a bending moment force sensor such as that currently employed on this mechanism is not capable of resolving lift and thrust forces in the units of force [7] . To eliminate any potential for errors due to the constantly shifting center of pressure, force values are left in arbitrary units (au) to properly compare them against each other. 
METHODS
To test the flapping mechanism, a structure was built to place the flapping mechanism in the center of a flume measuring 1.2 m wide, 0.33 m deep, and 10 m long. The structure allowed the flapping mechanism to be placed securely at any position along the flume length. Width and length adjustments could be made to place the mechanism in any position, while the depth adjustment was only allowed in discrete steps of 0.025 m (1 in). Flume water velocity was set to 0.25 m/s.
Wing Trajectories
The desired flapping trajectories were defined using the first five terms of a Fourier series expansion for each degree of freedom, ,
where A 11 through A 35 are the coefficients for each term, w is the desired flapping frequency, and t is time. This is similar to the approach employed by Aono et al. [60] , [61] but with fewer terms. It is acknowledged that five terms may not be sufficient to accurately represent some highly complex flapping trajectories observed in nature. However, the purpose of this work is not to replicate the flight of a particular insect or bird. The purpose is instead to develop methods to find the optimal instance of a given trajectory structure by assigning numerical values to the trajectory parameters. The number of terms, therefore, was selected (1) to give suitable flexibility to the achievable flapping patterns, and (2) to decrease the parameter space that must be searched by the optimization method. Additional Fourier terms may be added if additional complexity is required.
In each experimental run, high-level MATLAB optimization code running on a PC generates desired flapping trajectories q 1d (t), q 2d (t), and q 3d (t) and sends the trajectories to the controller running on the cRIO. The flapping mechanism executes the trajectories, records the angle and force data from the encoders and strain gages, resolves the forces into the earth-fixed frame, and sends the data to the MATLAB optimization code. The MATLAB code then uses these data to explore the feasible design space and optimize the wing trajectory.
In general, the final angle of a previous trajectory will not match the initial angle of the current trajectory. This occurs as the optimization algorithm selects new parameters in eqn (3). To enable smooth transitions between subsequent trajectories, each DOF is driven from its zero angle to the initial desired trajectory angle using a quintic polynomial trajectory over a period of one second at the beginning of each run. A quintic polynomial ensures a smooth transition into the desired trajectory by matching the angle, angular velocity, and angular acceleration at the transition point [62] . Similarly, θ ω ω ω ω 
where q 1 is driven directly by the motor, and q 2 and q 3 are driven via the differential. In (4) the value of 20 corresponds to the gear ratio of the worm/spear gear set, and sum and difference in the second and third equations arise from the kinematics of the differential. Both shafts must be turned in the same direction to achieve q 2 motion, thus the sign for q 2 in both Motor 2 and Motor 3 is positive. Both shafts must be turned in opposite directions to achieve q 3 motion, thus the signs for q 3 alternate. Each experimental run consists of an initial one-second transition from the zero angle configuration, followed by six cycles of the experimental trajectory defined by eqn (3), and a final one-second transition back to the zero angle configuration. To minimize transient effects and to enable signal averaging, the two transition periods and the first period of the desired trajectory are excluded in evaluating the average vertical force [63] .
Frequency selection and fluid flow velocity are calculated using Reynolds and Strouhal number scaling. Given an animal length L animal , an animal velocity U animal , and the kinematic viscosity, v animal , the Reynolds number for a flying animal is defined as .
Given a flapping frequency, f animal , the Strouhal number for a flying animal is defined as .
Equating (5) with the Reynolds number for a scaled mechanism and solving for the ratio of the scaled velocity to the animal velocity yields .
Equating (6) with the Strouhal number for a scaled mechanism and solving for the ratio of the scaled velocity to the animal velocity yields .
Equating eqns (7) (8) and solving for f scale yields , (9) where v scale and L scale depend on the experimental setup. For studies involving a ladybug as mentioned here (L animal = 0.008 m, f animal = 80 Hz, v animal = 1.46 x 10 -5 m 2 /s), L scale is 0.14 m, v scale is 1.12 x 10 -6 m 2 /s (kinematic viscosity of water) and f scale is 0.025 Hz [2] . For convenience, however, the fundamental frequency (f scale ) was set to 0.50 Hz to maximize the signal-to-noise ratio. This fundamental frequency enabled the completion of approximately two optimization iterations per minute. In these studies, a wing profile resembling a ladybug wing was used [64] . Wing profiles are made from acrylic measuring about 3 mm thick (0.125 in).
Optimization Approach
As discussed previously, one of the purposes of the mechanism is to enable experimental optimization of flapping trajectories, which corresponds to finding the optimal Fourier coefficients in eqn (3) from experimental force and motion data. The chosen optimization approach was based on the three-level Box-Behnken screening design to vary the model parameters [65] , [66] . In this approach, the Box-Behnken systematically varies the coefficients of the Fourier-series expansion that describe the wing trajectories in eqn (3). This method is an efficient way of exploring a model which may have a large design space. The flapping trajectories corresponding to all combinations of Fourier coefficients are executed, and the optimal lift-or thrust-generating trajectory is identified. Each trajectory was repeated twice to allow comparison of resulting forces for consistency and to quantify experimental uncertainty.
RESULTS AND DISCUSSION 4.1 Mechanism Response
To quantify the frequency capabilities of the mechanism, a swept sine wave with an amplitude of 45°a nd frequency content of 0-5 Hz was input into each DOF of the flapping mechanism using closed-loop control. Each DOF was driven independently with the wing attached. This was performed in both flowing water (u y = 0.25 m/s) and quiescent air. The closed-loop system response indicated the physical capabilities of the system and its ability to track trajectories at different frequencies. Figure 6 shows the frequency response of the system, plotted as measured amplitude/commanded amplitude, in dB.
F Fi ig gu ur re e 6 6. . Mechanism frequency response for all DOFs using a swept sine (0-5 Hz) input. The plots show the ratio of the measured trajectory amplitude to the commanded trajectory amplitude.
As seen in Figure 6 , the mechanism is capable of tracking all 3 DOFs at low frequencies with little error. Higher frequencies (0.5-1 Hz) did exhibit some trouble tracking in the q 2 DOF. This caused for some tracking error when the mechanism was attempting to track large-amplitude high-frequency kinematics. Figure 7 shows tracking results for an arbitrary flapping pattern near the frequencies of interest for the mechanism flapping in water flowing at 0.25 m/s. In the figure, q 1q 3 are the recorded angles of each DOF and q 1dq 3d are the desired (commanded) angles of each DOF. As seen in the figure, there is a high tracking accuracy at this frequency. 
Lift and Thrust Production
To verify the optimization approach and demonstrate the suitability of the flapping mechanism, a preliminary optimization run was performed using a ladybug wing shape (see Figure 8 ) [64] . The flume water velocity was 0.25 m/s. The Box-Behnken screening design (consisting of 432 runs) was performed twice for the starting trajectory (A) and step sizes defined in Table 2 . In this table B corresponds to the trajectory that maximized thrust with neutral lift, C corresponds to the trajectory that maximized lift with neutral thrust, and D corresponds to the trajectory that maximized both lift and thrust. Figure 9 shows average lift vs. average thrust for each run. The Box-Behnken design identified trajectories with improved thrust of 4.55 units and lift of 2.64 units relative to the starting trajectories, suggesting the feasibility of the proposed optimization approach and the suitability of the mechanism. Table 2 .
Step size for Box-Behnken testing and trajectories for runs labeled in Figure 9 . Bold values indicate a deviation from the starting trajectory (A).
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A Differentially Driven Flapping Wing Mechanism for Force Analysis and Trajectory Optimization F Fi ig gu ur re e 8 8. . Ladybug wing and outline used for acrylic wing fabrication.
F Fi ig gu ur re e 9 9. . Lift and thrust values averaged from two identical Box-Behnken iterations (432 runs performed twice). The dashed line represents the direction of the desired force, assuming equal priority for thrust and lift. Figure 10 represents the starting trajectory (A) identified in Figure 9 . This trajectory was chosen to maximize the search area of the Box-Behnken screening design for the chosen step size. The force history shows positive lift and neutral thrust. Figure 11 represents the trajectory exhibiting the maximum thrust with neutral lift (B). The optimization accomplished this by adjusting the rotation angle (q 1 ) and the feathering angle (q 3 ). The force history shows wholly positive thrust and neutral lift. Figure 12 represents the trajectory exhibiting the maximum lift with neutral thrust (C). The optimization accomplished this by adjusting the rotation angle (q 1 ) and the elevation angle (q 2 ). The force history shows two strong positive peaks of lift and neutral thrust. Figure 13 represents the trajectory considered to be the best run (D). This was chosen by the run that was furthest out in the search direction (dashed line in Figure 9 ) and within a reasonable tolerance of the line. The optimization accomplished this by adjusting the rotation angle (q 1 ) and the elevation angle (q 2 ). The force history shows strong lift and thrust peaks generated in phase with each other with small, less significant peaks between. F Fi ig gu ur re e 1 13 3. Force and trajectory history for (D) best run. Figure 14 contains force magnitude outputs for both Box-Behnken design runs (432 runs performed two times). The data follow a linear trend showing consistency in the measurements. Runs that deviate from the dotted line are runs that did not track the commanded trajectory consistently between iterations. Figure 15 shows the unresolved force output for a single arbitrary trajectory. This trajectory was run 24 times (12 consecutive runs performed twice). Resulting force output is plotted, again showing consistency in the data. Figure 16 shows ensemble averaged force output from 24 runs. 
Force Uncertainty
The main contributing factors to uncertainty in the measurements are (1) noise in the raw data signal from the strain gages, (2) position error due to encoder resolution, and (3) position error due to gear backlash. The latter is quantified by comparing differences in force output from identical runs. The error due to noise in the strain gages is estimated by .
The error due to the resolution of the encoders was estimated by finding the change in force output due to a change in the motor position. This motor position was defined by the minimum change in angle that the encoder is capable of measuring (q 1 =0.119°, q 2 =q 3 =0.176°). The error, u resolution , due to the encoder resolution was 0.0148 au.
The error due to backlash present in the differential gears was estimated by measuring the backlash of each DOF (q 1 =0.5°, q 2 =4°, q 3 =2°) and finding the resulting change in the force output due to the change in position from the gear backlash. The total error due to backlash present in the differential gears was u backlash = 0.1377 au.
The total force output uncertainty is estimated by ,
with a numerical value of u total = ±0.176 au. For the force values presented in this study, this uncertainty value accounts for 6% or less of the total force output.
CONCLUSION
This paper describes a two-wing mechanism for laboratory flapping flight experiments. Each wing is capable of three DOFs of motion, with two of the DOFs achieved using a differential gear design and the third DOF being achieved through a rotating turntable. Each wing is driven by three brushless motors and is capable of accurately tracking trajectories from 0-0.5 Hz in water and 0-1 Hz in air. The mechanism has adjustable kinematics, is capable of flapping in harsh environments (e.g., underwater), and can measure flapping force and angles in real time. Additionally, two wings sit back to back, allowing the experimental investigation of the effects of clap-and-fling and other flapping phenomena. An experimental approach to finding the optimal lift-and thrust-generating flapping trajectories was also presented. The method, based on the Box-Behnken approach to exploring the design space, finds the trajectory parameters (in this case, Fourier coefficients) that result in trajectories that exhibit maximum thrust and/or lift. The method was demonstrated using a wing based on that of a lady bug. The Box-Behnken design method found a trajectory that improved lift and thrust by 2.64 and 4.55 units, respectively, indicating that the approach has the potential to increase the effectiveness of flapping flight. The uncertainty in the force measurements was found to be ±0.176 units. The results obtained in this work demonstrate that the mechanism is a capable test bed for further optimization of kinematic trajectories and force analysis.
Future work will make use of the system described in this paper to explore the role of flapping trajectories on lift and thrust generation. Different animal scaling parameters will be used to allow the mechanism to be properly scaled and still maintain a high signal-to-noise ratio. Of particular interest are the flapping dynamics of a zebra finch and intermittent flight. The role of the leading edge vortex will also be explored with particle image velocimetry.
